In seven patients with mucopolysaccharidoses (1 Hurler, 1 Hurler-Scheie, 4 Hunter, 1 Sly), cranial 1 H-magnetic resonance spectroscopy was performed to evaluate the accumulation of mucopolysaccharides and biochemical changes in the CNS in vivo before and after bone marrow transplantation (BMT). In two of seven patients, 1 H-magnetic resonance spectroscopy was performed before and after BMT. Nuclear magnetic resonance spectra of dermatan sulfate and chondroitin sulfate-C and magnetic resonance spectroscopy of chondroitin sulfate-C and urine from patients with mucopolysaccharidoses showed resonance higher than the chemical shift of myoinositol in the brain (3.7 ppm). The resonance was considered to contain signals from mucopolysaccharide molecules. The resonance was measured as presumptive mucopolysaccharides (pMPS). In white matter lesions detected by magnetic resonance imaging, pMPS/creatine ratios and choline/creatine ratios were consistently higher than control ratios. In white matter without lesions, choline/creatine ratios were higher than control ratios. Patients with higher developmental quotient or intelligence quotient tended to show higher N-acetylaspartate/creatine ratios and lower pMPS/ creatine ratios in basal ganglia. After BMT, the pMPS/creatine ratio in white matter lesions of patient 3, with Hunter syndrome, was slightly decreased, but in none of the patients was the ratio ever below the control ratios, even 7 y after BMT. In white matter without lesions, the pMPS/creatine ratio in patient 3 was decreased to the control ratios after BMT, but although the choline/creatine ratios were gradually decreased, they remained higher than the control ratio, 2 y after BMT. These results suggest that evaluation of pMPS, choline, and N-acetylaspartate by 
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H-magnetic resonance spectroscopy was performed to evaluate the accumulation of mucopolysaccharides and biochemical changes in the CNS in vivo before and after bone marrow transplantation (BMT). In two of seven patients, 1 H-magnetic resonance spectroscopy was performed before and after BMT. Nuclear magnetic resonance spectra of dermatan sulfate and chondroitin sulfate-C and magnetic resonance spectroscopy of chondroitin sulfate-C and urine from patients with mucopolysaccharidoses showed resonance higher than the chemical shift of myoinositol in the brain (3.7 ppm). The resonance was considered to contain signals from mucopolysaccharide molecules. The resonance was measured as presumptive mucopolysaccharides (pMPS). In white matter lesions detected by magnetic resonance imaging, pMPS/creatine ratios and choline/creatine ratios were consistently higher than control ratios. In white matter without lesions, choline/creatine ratios were higher than control ratios. Patients with higher developmental quotient or intelligence quotient tended to show higher N-acetylaspartate/creatine ratios and lower pMPS/ creatine ratios in basal ganglia. After BMT, the pMPS/creatine ratio in white matter lesions of patient 3, with Hunter syndrome, was slightly decreased, but in none of the patients was the ratio ever below the control ratios, even 7 y after BMT. In white matter without lesions, the pMPS/creatine ratio in patient 3 was decreased to the control ratios after BMT, but although the choline/creatine ratios were gradually decreased, they remained higher than the control ratio, 2 y after BMT. These results suggest that evaluation of pMPS, choline, and N-acetylaspartate by some subtypes of mucopolysaccharidoses (1) . For a long time, there was no effective treatment, until Hobbs, in 1981 (2), performed successful BMT in a patient with Hurler syndrome. Since then, many patients have been treated by BMT (3) (4) (5) (6) , which in the early stage of the disease can reduce the accumulation of MPS in the visceral organs. Recently, ERT for mucopolysaccharidoses is undergoing clinical trial (7) (8) (9) . However, the clinical and biochemical effects of BMT and ERT on the CNS are not clear, because the in vivo analysis of accumulated MPS in the CNS has not been possible.
Localized proton MRS of the brain has become an additional diagnostic tool for use in patients with neurodegenerative or metabolic disorders (10 -17) . Cranial MRS can detect the metabolites, myoinositol, choline, creatine, NAA, lactate, and others, and suggest the accumulation of these compounds and the neuronal damage they can cause. Although cranial MRS has been performed in patients with mucopolysaccharidoses, a previous report touched only on changes of choline or NAA (18) . A study on the analysis of chondroitin sulfate by NMR spectroscopy revealed resonance from MPS molecules (19) . Using the noninvasive technique of MRS, we tried to establish the measurement of MPS in the CNS in vivo to evaluate the effect of treatment on mucopolysaccharidoses.
METHODS

Patients.
We studied seven patients with mucopolysaccharidoses ( Table 1 ). The diagnosis was made by the urinary secretion pattern of MPS and lysosomal enzyme assay (20 -22) . The informed consents for the examinations were obtained from patients or their parents. The extent and morphology of brain lesions on MRI were shown in Table 1 MRS of standard MPS and urine. MRS of standard CS-C and urine from the patients was performed at 1.5 T with a conventional whole-body MRI system (Signa Horizon 1.5T, General Electric, Milwaukee, WI, U.S.A.). The standard solution and urine in 50-mL tubes were placed in the conventional whole-body MRI system and measured.
Cerebral MRS. Localized proton MRS of the brain in patients with mucopolysaccharidosis was performed at 1.5 T with a conventional whole-body MRI system. Voxels of 15 ϫ 15 ϫ 15 mm were positioned over the white matter lesions, the homotopic contra lateral area without lesions, and the basal ganglia. Water resonance was suppressed by means of the point-resolved spectroscopy (PRESS) technique, and the water-suppressed MRS examination was followed by an unsuppressed MRS measurement, performed at a transmission time of 2000 ms and an echo time of 30 ms. Control subjects were patients with localization-related epilepsy, and did not manifest any neurologic signs at interictal period. The mean age was 8.2 Ϯ 3.4 y (n ϭ 5). MRS was performed over brain regions without atrophy or an epileptogenic focus.
Quantification of brain metabolites. An image scanner (Sharp JX330M, SHARP, Osaka) and computer software (Photoshop, Adobe, San Jose, CA, U.S.A.) were used to transfer the MRS images to a personal computer (Macintosh), and computer software (National Institutes of Health Image 1.55) was used to analyze the area of each peak on the MRS images. Peaks of NAA, choline, creatine, and myoinositol spectra were identified by their chemical shifts. Areal ratios of each peak to creatine were measured to evaluate the quantity of metabolites in the brain (Fig. 1A) .
Informed consent was obtained from all participants, and the Institutional Review Board of the Gifu University Hospital approved the study.
RESULTS
In patient 1, with Hurler syndrome, the DQ increased from 77 to 105, and lesions in the white matter were slightly reduced, although dilatation of ventricles was aggravated transiently after BMT. Patient 2, with Hurler-Scheie compound, had few white matter lesions at 7 y after BMT. In patient 3, with severe Hunter syndrome, the DQ and ventricular dilatation worsened after BMT. In patients 4, 5, and 6, with Hunter syndrome, DQ or IQ was not involved, but all had white matter or basal ganglia lesions. Patient 7, with Sly disease, became able to ride a bicycle and diffuse T2 high-intensity lesions in white matter disappeared after BMT. NMR spectra of DS and CS-C showed a common resonance at approximately 2.0 ppm that was characteristic of the Nacetyl group protons of GalNAc, and variable resonance around chemical shifts of 3.7 ppm (Fig. 2) . Although the resonance at approximately 3.7 ppm is not assigned to a specific residue of MPS because of its molecular complexity, it contains characteristic signals derived from MPS molecules.
MRS of CS-C had broad resonance, with a peak signal at approximately 3.7 ppm (Fig. 3A) . The spectrum of urine from control subjects, containing CS-C as a main MPS component, showed four major signals, one of which peaked at approximately 3.7 ppm, and the signal has morphology similar to that of CS-C (Fig. 3B) . Considering the characteristic resonance of MPS at approximately 3.7 ppm in NMR spectra, it seems likely that resonance at approximately 3.7 ppm in MRS also contains signals from MPS. , at the age of 5 y 2 mo in patient 3. The highest peak of pMPS is higher than the peak of myoinositol in white matter lesion (B), and is lower than that in white matter without lesion (C). Positions of voxels are shown on the MRI insets. Fig. 2 . NMR spectra of CS-C and DS, measured by VARIAN INOVA 500 spectrometer. NAC, N-acetyl group protons of Ga1NAc.
EVALUATION OF MPS ACCUMULATION IN CNS BY MRS
MRS of urine from patients (mucopolysaccharidoses I-IV, VI, and VII) was measured ( Fig. 3C-H) . The spectrum of urine from every patient had a peak at approximately 3.7 ppm, and the morphology of the peak varied according to the subtypes of mucopolysaccharidoses, probably owing to the variable composition of MPS in the urine. These results suggest that MRS can detect resonance from MPS in urine at around 3.7 ppm.
Cranial MRS in patient 1, with Hurler syndrome, showed resonance higher than the chemical shift of myoinositol in the brain (3.626 ppm) (Fig. 3I) . The resonance was similar to that in the urine (Fig. 3C) . Cranial MRS in patient 3, with Hunter syndrome, also showed resonance higher than the chemical shift of myoinositol in the brain (Fig. 1B-D) . These results suggest that MRS can detect resonance from MPS in the brain at the chemical shift at approximately 3.7 ppm.
Because resonance higher than chemical shifts of myoinositol was considered to contain the resonance from MPS molecules in the brain, we measured the area of resonance as pMPS (Fig. 1A) . The ratios of metabolites to creatine are shown in Table 2 , and the raw data of MRS in patient 3, with Hunter syndrome, are shown in Figure 1B -D.
In white matter lesions, pMPS/creatine ratios were consistently higher than those of control ratios (Fig. 4A, p ϭ 0.019) . In white matter without lesions before BMT, two of three pMPS/creatine ratios exceeded the control ratio (patients 3 and 5), but one (patient 4, mild form of Hunter syndrome) was within the range of control ratios (Table 2 and Fig. 4B ). After BMT, three of five pMPS/creatine ratios were within the control ratio range, and two were slightly higher than the control ratio. Although the mean NAA/creatine ratio in white matter lesions was not significantly different from that in white matter without lesions, the mean pMPS/creatine ratio and the mean pMPS/NAA ratio in white matter lesions were significantly higher than that in white matter without lesions (p ϭ 0.010 and p ϭ 0.041, Mann-Whitney U test).
In white matter lesions and white matter without lesions, all choline/creatine ratios were higher than the control ratios, and the mean choline/creatine ratio (1.17 Ϯ 0.08) in white matter lesions was not significantly different from that in white matter without lesions (0.99 Ϯ 0.05; p ϭ 0.12, Mann-Whitney U test; Table 2 ).
In basal ganglia, the relationships between DQ or IQ and the ratios of NAA/creatine, pMPS/creatine, and pMPS/NAA are shown in Figure 5 . There tended to be an association between higher DQ or IQ and higher NAA/creatine ratios and lower pMPS/creatine and pMPS/NAA ratios, but the correlation was not significant (r ϭ 0.39, Ϫ0.04, Ϫ0.26, respectively; Spearman's correlation coefficient by rank test). 
TAKAHASHI ET AL.
The time course of the pMPS/creatine ratio before and after BMT is shown in Figure 6 . After BMT, in white matter lesions, the ratio was decreased in patient 3 (Hunter syndrome), but in none of the patients was the ratio ever below control ratio, even 7 y after BMT. In white matter without lesions, pMPS/creatine ratio was decreased to the control ratios after BMT in patient 3, and in the remainder of the patients the ratio after BMT was within or slightly higher than the control ratios. The time course of the choline/creatine ratio in white matter of patients 1 and 3 showed that the ratio gradually decreased after BMT, but remained higher than the control ratio, 2 y after BMT (Table 2) . 
EVALUATION OF MPS ACCUMULATION IN CNS BY MRS
DISCUSSION
We used NMR data from MRS to evaluate the accumulation of MPS in the CNS in vivo. The results suggest that resonance higher than the chemical shift of myoinositol in MRS contains resonance from MPS molecules, and that the resonance can be detected by cranial MRS with a conventional MRI system. Because the resonance also contained signals derived from molecules other than MPS, we named the resonance pMPS.
We could not quantify the accumulated MPS itself, but by measuring pMPS/creatine ratios we were able to evaluate the accumulation of MPS in the CNS in vivo. pMPS/creatine ratios and choline/creatine ratios in white matter lesions were elevated before BMT and slightly decreased thereafter. Increased choline/creatine ratios usually suggest that the examined region contains myelin damage, increased cell membrane synthesis, or glial proliferation (23) (24) (25) (26) (27) . Histologic reports of mucopolysaccharidosis also describe gliosis and demyelination around the lesions in white matter (28 -30) . Therefore, our findings of increased pMPS/creatine ratios and choline/creatine ratios in white matter lesions are compatible with those of previous pathologic or neuroimaging studies.
Some pMPS/creatine ratios in white matter without lesions were higher than control ratios and others were not. The mean pMPS/creatine ratio in white matter was significantly lower than that in white matter lesions. Choline/creatine ratios were elevated in both white matter and white matter lesions. These results suggest that MPS accumulates and related histologic changes (gliosis and/or demyelination) occur in white matter even before the development of lesions on MRI. Then, as the accumulation of MPS increases to some critical level, white matter lesions develop.
The time course of pMPS/creatine ratios before and after BMT suggests that accumulated MPS in white matter lesions cannot be normalized and that accumulated MPS in white matter without lesions can be normalized. Choline/creatine ratios in white matter were not normalized after BMT. Therefore, early treatment with BMT or ERT, before the development of lesions in the CNS, might contribute to a better neuropsychological outcome in mucopolysaccharidoses type I or II. In patient 1, with Hurler syndrome, early BMT, at age 2 y 2 mo, when dilatation of the ventricles was slight, brought a better outcome; the DQ increased from 77 to 105. In patient 3, with severe Hunter syndrome, late BMT, at age 4 y 8 mo, when dilatation of the ventricles had progressed, resulted in a poor neuropsychological outcome; DQ and ventricular dilatation worsened.
NAA is distributed in the brain primarily in neurons and neuronal processes (31) . In basal ganglia, patients with higher DQ or IQ tended to have higher NAA/creatine ratios and lower pMPS/creatine ratios. This might suggest that the accumulation of MPS in neurons contributes to neuronal damage, resulting in decreased NAA/creatine ratios and DQ or IQ. In patient 1, who had a better outcome after BMT, the NAA/creatine ratio was 1.20 before BMT, but in patient 3, who had a poor outcome, the ratio was 0.93 before BMT. This might suggest that the NAA/creatine ratio in basal ganglia is important in estimating the effect of BMT or ERT. We must await further investigation before reaching conclusions.
Although our findings on MPS, NAA, and choline in the CNS have not been proved by biochemical analyses of brain tissue, their evaluation by 1 H-MRS is an important technique that may provide useful biochemical information on the neurologic process and an indication of treatment in patients with mucopolysaccharidoses. Fig. 6 . Time course of pMPS/creatine ratio before and after BMT in white matter lesions and white matter without lesions on MRI. Shaded region shows range of pMPS/creatine ratios in control subjects. The data were obtained before and after BMT in patient 3 and after BMT in patients 1, 2, and 7. 
